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Dimers at GeÕSi„001… surfaces: Ge coverage dependent quenching, reactivation of flip-flop
motion, and interaction with dimer vacancy lines

H. Hirayama,* H. Mizuno, and R. Yoshida
Department of Materials Science and Engineering, Tokyo Institute of Technology 4259 Nagatsuda, Midori-ku, Yokohama 226-850

~Received 10 May 2002; published 29 October 2002!

We studied Ge coverage (uGe) dependent quenching, reactivation of the flip-flop motion, and interaction
with dimer vacancy lines~DVLs! of dimers on Ge/Si~001! surfaces using a scanning tunneling microscope
~STM! combined with a molecular beam epitaxy apparatus. Deposition of;0.3 ML ~monolayer! Ge quenched
the flip-flop motion, making all dimers asymmetric. Further deposition introduced DVLs atuGe>;0.5 ML,
and symmetric dimer domains appeared again locally atu>1.5 ML. High-resolution STM images indicated
that asymmetric dimer rows always invert their phase in alternation with buckled dimer’s up-end at the DVLs.
Low-temperature STM images indicated that the symmetric dimer domains were due to flip-flopping of asym-
metric dimers activated by largeuGe at room temperature. The symmetric dimer domains extended along the
dimer rows over the DVLs due to the phase correlation.
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I. INTRODUCTION

The Si~001! surface is intrinsically a 231 reconstruction
with symmetric dimer rows at room temperature,1,2 though
C-type defects and steps induce buckling extrinsically a
make the adjacent dimers asymmetric.3–5 Theoretical calcu-
lations indicate that an asymmetric dimer structure is en
getically more stable than a symmetric dimer structur6

Scanning tunneling microscope~STM! and low-energy elec-
tron diffraction ~LEED! studies at low temperature7,8 re-
vealed that the 231 reconstruction of the Si~001! surface is
due to a flip-flop motion of the asymmetric dimers activat
at room temperature.

In contrast to Si~001! surfaces, localc(234) and p(2
32) orderings with asymmetric dimers are dominant
Ge~001! surfaces at room temperature.9 The asymmetric
dimers are intrinsic and do not require defects on Ge~001!
surfaces to be quenched because the dimer buckling is e
getically more stable than on Si~001! surfaces.10 However,
Zandvliet et al. reported recently thatc(234) asymmetric
and 231 symmetric dimer domains appeared alternately
the surface with very low~0.15%! defect density.11 The al-
ternation was attributed to cancellation of the anisotro
strain energy of the two domains.

The change of the surface structure with Ge deposition
an Si~001! surface is of great interest. Two-dimensional w
ting Ge layers several monolayers~ML ! thick were initially
formed due to a 4% lattice mismatch. Three-dimensional
islands subsequently grew during Ge growth on the
surfaces.12–14 23N reconstruction with dimer vacancy line
~DVLs! perpendicular to the dimer rows appears to rele
Ge-induced surface stress in the initial two-dimensional w
ting layer growth.15–17The stress also causes reversal of
SA andSB step roughness18,19 and the appearance of the e
ergetically unfavorableDA step at the Ge/Si~001! surfaces.20

However, the Ge coverage (uGe) dependent change from
symmetric to asymmetric dimers and their interaction w
the DVLs were not studied in detail, though asymmet
dimers were widely observed on the Ge/Si~001! surfaces of
0163-1829/2002/66~16!/165428~5!/$20.00 66 1654
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fixed coverages.15,16,18–22We addressed these points in th
study using STM. The symmetric dimers were complet
changed to asymmetric dimers by a small amount of
deposition ofuGe<0.3 ML, as described below. Howeve
symmetric dimer domains reappeared atuGe>;1.5 ML.
The DVLs function as a phase inverter in the alternation
up-end atoms in the asymmetric dimer rows.

II. EXPERIMENT

Experiments were performed in an ultrahigh-vacuum
paratus consisting of a loading chamber, a sample prep
tion chamber, a molecular beam epitaxy~MBE! chamber,
and a main chamber equipped with an STM unit~Unisoku
USM-1200!. The base pressure of the MBE chamber wa
31028 Pa and that of the preparation and main chamb
was 131028 Pa. The 231030.4 mm3 samples were cu
from mirror-polished commercial Si~001! wafers. They were
preheated in the preparation chamber at 500 °C overni
The samples were then flashed at 1200 °C and slowly co
to room temperature. We confirmed the surface cleanlin
by STM so that we could observe the 231 reconstruction.

A sample was transferred to the MBE chamber af
cleaning. Ge was deposited from a commercial Knudsen c
The Ge growth rate was determined prior to this study
cross-sectional field emission secondary electron microsc
~FE-SEM! observation of Ge films grown on SiO2 surfaces.
The growth rate was estimated from the linear relations
between the Ge film thickness and deposition time. Ge w
deposited on the Si~001! substrates at a growth rate of 0.05
ML ~monolayer!/sec in this study. The Ge Knudsen cell w
kept at a constant temperature during the experiment b
computer-controlled feedback system. The Ge cell shu
was opened first in the deposition. The main shutter w
opened after the Ge flux was confirmed to be at a pre
value, and Ge was deposited on the substrate. Ge cove
was controlled by the deposition time. The substrate te
perature was kept at 680 °C during the deposition. The st
ture of the sample surface was observed by STM at ro
temperature for every small increase of Ge coverage.
©2002 The American Physical Society28-1



h
f
a

om
a

s
e

er
e

e
tr

a
nd
de
ts

a

o

in
c

t

e at
c-

he

our
The
mer
the
at

ing

tric
sis-
M

d

:
cu-
s a

H. HIRAYAMA, H. MIZUNO AND R. YOSHIDA PHYSICAL REVIEW B 66, 165428 ~2002!
sample surface was also observed by STM at liquid N2 tem-
perature atuGe51.68 ML. STM images were obtained wit
a sample bias voltage of22.0 V and a tunneling current o
0.25 nA. Images are shown with a conventional gray sc
keyed to the surface height.

III. RESULTS

Figure 1 shows a series of STM images taken at ro
temperature with small increases of Ge coverage. The im
size was 20320 nm2. Arrows in the figure indicate the
$110% direction on the surface. The Ge coverage was~a! 0,
~b! 0.28, ~c! 0.56, ~d! 1.12, and~e! 1.68 ML. The surface
exhibited the intrinsic 231 reconstruction of a Si~001! sur-
face at 0 ML coverage@Fig. 1~a!#. Dimers were imaged a
symmetric beans over most of the surfaces. The dimers w
asymmetric only at the step edges and nearC-type defects
where anisotropic strain was introduced to adjacent dim
Their alternation of the up-end made the dimer rows app
as zigzag chains.3,4,23

The symmetric dimers disappeared with 0.28 ML G
deposition, and zigzag chains of alternating asymme
dimers appeared everywhere@Fig. 1~b!#. Symmetric dimers
completely changed to asymmetric dimers when a sm
amount of Ge was added. The zigzag chains extended i
pendently of the defects even though the surface inclu
many defects. The out-of-phase and in-phase alignmen
adjacent zigzag dimer rows causedc(234) and p(232)
local ordering at the surface.10,22–24The proportions ofc(2
34) and p(232) local domains were almost even atuGe
50.28 ML.

The surface was still covered by asymmetric dimers
uGe50.56 ML @Fig. 1~c!#, but new DVLs were introduced to
the surface@dark lines perpendicular to the zigzag chains
the asymmetric dimer rows in Fig. 1~c!#. The DVLs extended
in almost straight lines perpendicular to the dimer rows,
troducing 23N ordering at the surface. The average distan

FIG. 1. STM images of Ge/Si~001! surfaces. Ge was deposite
at 680 °C. Images were taken at room temperature.~a! uGe

50 ML, ~b! uGe50.28 ML, ~c! uGe50.56 ML, ~d! uGe

51.12 ML, and~e! uGe51.68 ML. 20320 nm2. Vs522.0 V, I t

50.25 A. Arrows indicate the$110% direction.
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between DVLs~N! was 15a (a is the atomic distance of the
131 surface unit cell!.

The surface took onc(234) local ordering over almos
all the area atuGe51.12 ML @Fig. 1~d!#, andN decreased to
;9a. HereN became constant at;8a with further deposi-
tion @uGe51.68 ML Fig. 1~e!#. The uGe-dependent change
of N is indicated by dots in Fig. 2.

Symmetric dimer rows reappeared locally at the surfac
uGe51.68 ML. The symmetric dimer domains were chara
teristic in extending along the dimer row direction over t
DVLs and occupied;20% of the total area. These 231
local domains disappeared at liquid N2 temperature, as
shown in Fig. 3.

A high-resolution STM image of the surface ofuGe
51.12 ML is shown in Fig. 4~a!. Bright protrusions corre-
spond to the upper atoms of the asymmetric dimers in
occupied state STM, as discussed in the next section.
figure indicates that the upper atoms of the asymmetric di
in the upper domain were aligned so as to never face
upper atoms of the asymmetric dimers in a lower domain
the DVL. This caused a phase inversion in the alternat
up-end atoms in asymmetric dimer rows at the DVLs.

IV. DISCUSSION

The complete change from symmetric to asymme
dimers caused by a small amount of Ge deposition is con
tent with previous studies. The surface in a previous ST

FIG. 2. uGe vs DVL distanceN. Dots: experiments. Dashed line
calculated value with no intermixing. Square and diamond: cal
lated values for 25% and 12% intermixing cases. Solid line i
visual guide.

FIG. 3. STM images of the Ge/Si~001! surface at uGe

51.68 ML taken at~a! room temperature and~b! liquid N2 tem-
perature. Arrows indicate the$110% direction.
8-2
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image of a 0.1 ML Ge/Si~001! surface was covered by asym
metric dimers.24 A photoelectron diffraction study25 also con-
cluded that the Si~001! surface with 0.1 ML Ge assumes a
asymmetric dimer structure. Both the present and previ
studies indicate that the symmetric dimers were comple
changed to asymmetric dimers by deposition of a very sm
amount of Ge (uGe50.1–0.3 ML).

A photoelectron diffraction study25 demonstrated that G
atoms take substitutional sites and form Ge-up/Si-do
asymmetric mixed dimers atuGe50.1 ML. This Ge-Si
mixed dimer should also form at the Ge-adsorbed sites of
uGe50.28 ML surface. However, 0.28 ML Ge did not cov
all the surface sites. Thus, Si-Si and Si-Ge dimers coexi
at the surface. A small number of Ge-Si asymmetric mix
dimers seemed to halt the flip-flop motion of the remain
Si-Si dimmers, making them asymmetric also. Theoret
calculations indicated that both Si-Ge and Si-Si asymme
dimers concentrate the occupied state charge distributio
the up atoms.6,10,26,27Thus, alternation of up-end atoms o
Ge-Ge and Si-Si asymmetric dimers was observed as zig
chains in our occupied state STM image, in which Ge-Si a
Si-Si dimers could not be distinguished.

The Ge-Si dimer assumes a Ge-up/Si-down asymme
structure because of its large energy gain. First-princip
theoretical calculations on the Ge/Si~001! surface ofuGe
50.5 ML ~Ref. 26 and 27! indicated that the Ge-up/Si-dow
asymmetric dimer is 0.55 eV more energetically favora
than the Ge-Si symmetric dimer. This large energy gain p
vents the Ge-up/Si-down asymmetric dimer from flipping
a Ge-down/Si-up dimer. Therefore, Ge deposition ancho
the asymmetric dimers at their adsorbed sites. The ener
cally stable Ge-Si asymmetric dimer fixes the flip-flop m
tion of the adjacent Si-Si dimers. The fixed Si-Si asymme
dimer also halts the flip-flop motion of their adjacent dime
Freezing of the flip-flop motion propagates along the dim
rows in this manner. We presume that this is why a sm
amount of Ge atoms made all the surface dimers buc
even though the Ge atoms could not cover all the surf
sites.

The STM image of asymmetric dimers atuGe50.56 ML
is consistent with the theoretical calculations indicating t
the surface tends to accept Ge-up/Si-down asymme

FIG. 4. High-resolution STM image of the Ge/Si~001! surface at
uGe51.12 ML ~a! and ball-and stick models of the surface whe
the zigzag chains of the upper and lower domains are~b! out of
phase and~c! in phase at DVL.
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dimers atuGe50.50 ML.26,27 The calculations also verified
that c(234) andp(232) are not energetically different a
the Ge/Si~001! surface atuGe50.50 ML. The asymmetric
dimers seemed to have no preference in takingc(234) and
p(232) local ordering at 0.28 and 0.56 ML, as the theo
predicted. However, the experimental results indicated
the asymmetric dimers favorc(234) local ordering at larger
Ge coverage. While no theoretical preference ofc(234) and
p(232) local ordering at larger coverages has been
ported, a preference forc(234) ordering withuGe seemed
obvious.

DVLs appeared atuGe>0.5 ML. The DVL’s are intro-
duced to reduce the outward expansion with Ge deposi
by creating a trench of missing dimer lines. However, t
formation of missing dimers consumes energy. A balan
between the Ge-induced strain and dimer vacancy forma
energy determines the distance between DVLs (N).16,17 The
accumulation of the strain could be partially relaxed here
mixing Ge and Si atoms in the top surface and subsurf
layers. Thus, the intermixing can be estimated from
uGe-dependence curve ofN. Voightlander and Kastner re
ported auGe dependence ofN in a case without mixing. They
also showedN at uGe52.0 ML in 25% and 12% mixing
cases.16 These are indicated by a dashed line, a square, a
diamond in Fig. 2. The figure suggests that;10% of the
deposited Ge atoms diffused into the Si subsurface la
while ;90% of the Ge atoms remained at the top surfa
layer during growth at 680 °C.

The above estimation indicates that the top layer consis
primarily of Ge atoms resting on a Si subsurface layer
uGe51.12 ML. Jenkins and Srivastava demonstra
theoretically26 that the Ge-Ge buckled dimer structure is e
ergetically most favorable at a full monolayer Ge/Si~001!
surface. Thus, the zigzag chains on a 1.12 ML surface
mainly due to asymmetric Ge-Ge dimers standing on a
subsurface layer. However, Jenkins and Srivastava also
mated that 11% of Ge atoms occupy a metastable subsu
site at 1000 K based on the energy difference betwee
Ge-Ge buckled dimer and dimers in which Ge atoms occ
subsurface sites. This estimate is consistent with our estim
above. Furthermore, the calculation demonstrates that
dimers standing on Ge atoms in the subsurface layer
favor an asymmetric dimer structure. Thus, it is reasona
for a surfaceuGe51.12 ML grown at 680 °C to assume a
asymmetric dimer structure everywhere, irrespective of 1
diffusion of Ge to the subsurface layer.

Symmetric dimer domains reappeared locally atuGe
51.68 ML. The disappearance of local symmetric dimer d
mains at liquid N2 temperature demonstrates that the sy
metric dimer domains are due to the thermally activated fl
flop motion of asymmetric dimers frozen at lo
temperatures. At 1.68 ML, Ge-Ge dimers are regarded to
on the subsurface layer,;50% of which are occupied by G
atoms. Meanwhile, the symmetric dimer domains rep
sented;20% of the overall surface atuGe51.68 ML. Thus,
the symmetric dimer domains were not directly related to
Ge-Ge dimers on the Ge subsurface. Instead, we sug
stress-domain formation at Ge~001! surfaces of a few
8-3
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defects11 as the cause of the reappearance of the symm
dimer domains. Although the initial Si~001! surface included
many defects, the DVLs gettered the defects at Ge/Si~001!
surfaces. The defect density reduced dramatically at the
face of uGe51.68 ML. Thus, stress-domain formation ma
be possible on the surface ofuGe51.68 ML as well as on the
Ge~001! surfaces of a few defects.c(234) and 231 do-
mains alternated along the dimer bond direction at
Ge~001! surface. A first principles calculation28 suggested
that c(234) and 231 domains have different anisotrop
tensile stresses along their dimer bond. The coexistenc
c(234) and 231 domains totally relaxes the anisotrop
stress at the surface at a cost of domain wall formation.11,29

Althoughc(234) and 231 domains did not appear period
cally at the Ge/Si~001! surface ofuGe51.68 ML, the coex-
istence ofc(234) and 231 domains is also regarded t
relax the stress along the dimer bond.

The surface ofuGe51.12 ML with c(234) domains is
also expected to favor the coexistence ofc(234) and 2
31 domains to relax the anisotropic stress along the di
bond. However, the surface took onc(234) local ordering
only at uGe51.12 ML. We suppose thatuGe-dependent re-
duction of the potential barrier of the flip-flop motion of th
asymmetric dimers explains why the 231 appeared atuGe
51.68 ML but not at 1.12 ML. Miwa demonstrated theore
cally that a Ge-Si mixed asymmetric dimer is energetica
0.55 eV more stable than a symmetric dimer, while a Ge
asymmetric dimer is 0.30 eV more stable than a Ge-Ge s
metric dimer.27 These calculations suggest a trend of barr
reduction withuGe , although no estimate was published f
the Ge-Ge dimer on a Ge-Si mixed subsurface layer. T
suggests that the barrier was high enough atuGe51.12 ML
to quench the flip-flop motion and block the appearance
231 domains. However, if the barrier is reduced, 231 do-
mains could reappear to relax the anisotropic stress atuGe
51.68 ML.

Finally, we will discuss the interaction of asymmetr
dimers with DVLs. The second-layer atoms rebond to ma
dimers at DVLs and reduce the energy cost of dangl
bonds.17 The resulting structures are shown by a ball-an
stick model in Figs. 4~b! and 4~c!. The second-layer atoms i
the DVL are indicated by black dots in the models. The li
between two black dots in the DVL is a dimer formed b
tween the two second-layer atoms. The upper and lowe
oms of the buckled dimers are indicated by large shaded
open circles in the upper and lower domains. The upper

*Corresponding author. Electronic address:
hirayama@materia.titech.ac.jp
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lower atoms of asymmetric dimers dehybridize their ba
bondsp3 orbitals to makesp2-like andp-like orbitals in the
buckled dimer structure.27 This causes local compressiv
~tensile! stresses on the second-layer atoms under the u
~lower! atoms of the top surface asymmetric dimers. T
directions of these stresses on the second-layer atoms in
DVL are indicated by arrows in Figs. 4~b! and 4~c!. The
second-layer atoms paired by dimers in the DVL experie
stress of the same direction when the upper atoms of
asymmetric dimer in the upper domain face the lower ato
of the dimer in the lower domain in the model, as shown
Fig. 4 ~b!. However, the paired second-layer atoms unde
stresses of opposite directions, breaking up the dimer a
upper atom site and compressing the dimer at a lower a
site in the DVL if the upper atoms in the upper domain fa
the lower atoms in the lower domain@Fig. 4~c!#. Thus, model
~b! is energetically favorable over model~c!. We assume tha
this is the reason for the phase inversion of zigzag chain
the DVLs. The zigzag chains in the upper domain correl
to those in the lower domain due to the dimers in the DV
so as to reverse the zigzag phase at the DVL. The flip-flop
asymmetric dimers in the upper domain is transferred to
dimer rows in the lower domain facing the DVL by main
taining this correlation. This causes the 231 domains to
extend along the dimer row direction over the DVL.

V. SUMMARY

In summary, we studied the evolution of a dimer structu
on a Ge/Si~001! surface with Ge coverage. A small amou
of Ge completely changed the symmetric dimers of
Si~001! surface to asymmetric dimers. DVLs were intr
duced to the surfaces atuGe>;0.5 ML. High-resolution
STM images indicated that the phase of the buckled dim
alternation inverted at the DVL. Dimerization of the secon
layer atoms in the DVL causes phase inversion of the bu
led dimer alternation at the DVL. Here 231 domains with
symmetric dimers reappeared with further deposition. Lo
temperature STM indicated that the symmetric dimers
due to the flip-flop motion of buckled dimers reactivated
room temperature. Reduction of the potential barrier of
flip-flop motion of asymmetric dimers enabled the reappe
ance of the 231 domain atuGe51.68 ML. The anisotropic
stress along the dimer bond was relaxed by introducin
31 domains intoc(234) domains. The phase correlatio
over the DVL made the 231 domains of flip-flopping asym-
metric dimers extend along the dimer rows over the DVL
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